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DANCE 4

DANCE (Dark matter Axion search with riNg Cavity Experiment)
* Bow-tie ring cavity

 Dark matter search experiment by interferometer

e Prototype experiment (DANCE Act-1) is ongoing

Underway for demonstrating the proof of its principle

DANCE Act-1 (L = Im, ¥ = % =3 X 10°,P,, = IW)
Frequency control F_\_: . 100\ frequency (Hz)
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[1]Y. Oshima et al. : arXiv:2303.03594



Contents

 DANCE

e Simultaneous resonance between s- and p-pol.

e The measurement of reflection phase
difference between s- and p-pol.

e Future plans

e Summary



Simultaneous resonance between s- and p-pol. 6

Need for simultaneous resonance

Axion dark matter

e p-pol. is produced from s-pol. /
by axion dark matter ,‘(-\;1‘\ Lo LN
. . & | Y 4 Y
—P Simultaneous resonanceis 1« f 1 —P , + re—>
s \ s
: : NA LK . ’ . ’
necessary for increasing and *s-pol. "5 pol. “5-pol.

detecting p-pol.
* If s-pol. and p-pol. are not simultaneous resonance, Axion signal(p-pol.)
doesn’t increase in the cavity. This fact degrades the sensitivity.

>

Resonant frequency
difference
—>
' |

Difference between s-pol. and p-pol. Realize simultaneous resonance

—Degrade sensitivity between s-pol. and p-pol.
—|mprove sensitivity



Issue of simultaneous resonance 7

Issue of simultaneous resonance

Difficult to adjust the reflection phase difference between s- and p-pol.

The cause
* Reflection phase difference occurs in oblique incidence
- The error about thickness of dielectric multilayer mirror
- The difference of the reflectance between s- and p-pol. on
boundary of dielectric multilayer mirror
—P» The cause is not cleared

Dielectric multilayer mirror

Substrate



Issue of simultaneous resonance

The reflectance of a Thin Film

 Assume that the film is thin and the substrate is thick
 Electric and magnetic component parallel to the boundary,
continuous across it

Normal reflection on multilayers

l

nd, (I:
n,d, (I)

High index layers — no phase shift
Low index layers — change of 180[deg]

Substrate

Incident angle: 6, =0
Optical thickness: nd, = n,d, = /4

—P Higher reflectivity than a single layer



Issue of simultaneous resonance 9

Oblique reflection on multilayers Characteristic matrix of layer m

cosd, (isind,) / nm)

in,,SIN o, COS O,

nd; cos 0,
n,d,cos6, J

Substrate X If 9 =0, same as normal reflection

Incident angle: 6, # 0 on multilayers

Optical thickness: n,d, cos 8, = n,d,cos @, # 1/4
-—P Different for s- and p-pol. on reflectivity of a boundary due to the

difference of a tilted optical admittance 5, between s- and p-pol.

-—Pp Reflection phase difference between s- and p-pol.
Realizing n,d, cos 8, = n,d, cos 8, = A/4 is difficult due to the accuracy

for thickness of thin film



Issue of simultaneous resonance 10

Calculation of reflectivity Characteristic matrix of layer m

cosd,, (isinéd,) / nm)

in,,SIN o, COS O,

nd; cos 0,
n,d,cos6, J

Substrate

Reflectivity of dielectric multilayers

no— C/B
- Mo T C/B

—
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Realization of simultaneous resonance

DANCE Act-1
Frequency control ~

%ol.

s-pol. .

Wavelength tunable laser

® The method of auxiliary cavity
l —Realize simultaneous resonance by

Photo

deecers controlling s- and p-pol. independently

Main bow-tie cavity
R >99.99%

® The method of wavelength tunable laser

 Wavelength tunable laser
Input laser ]
(s-pol.) Search wavelength to cancel reflection phase

O difference between s- and p-pol. by sweeping

-

"t <= s-pol.
% 2 p-pol. by ALP wavelength

22939 < dark matter
Auxiliary cavity  Wavelength sensitive phase-shifting mirror

Polarizing
beam
splitter\
(PBS)

R>99.99% % =



Realization of simultaneous resonance 12

The method of auxiliary cavity

Photo
detectors
Main bow-tie cavity —A ..
R >99.99%
o 00

The method of wavelength tunable laser

%ol.

Polarizing
beam

splitter\
(PBS) ‘
ﬁ; % Input laser
R>09.99% % - (s-pol.)
. 0 s-pol.
%" <= s-pol.
% ¢} p-pol. by ALP Wavelength tunable laser
R >99.99% < dark matter
Advantage Advantage

Control the reflection phase Solve the disadvantage of the method of

difference between s- and p-pol. auxiliary cavity

easily Disadvantage

Disadvantage - Difficult to conduct mirror coating to cancel

The loss on the phase difference between s- and p-pol.

- Need to use stable wavelength tunable laser



Wavelength tunable laser (Nakagawa laser)
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Current status

External cavity semiconductor laser
« Wavelength range : 1065 + 5nm

e Full width at half maximum : < 200kHz
e Qutput : 20~50mW

Feature
 Choose wavelength by adjusting interferometer filter (IF) angle
 Closed structure external cavity—Strong against acoustic noise

and vibration



Wavelength sensitive phase-shifting mirror 1

. Phase-shifting between s-pol. and p-pol.

—— s-pol.-p-pol.

10 A

phase s-pol.-p-pol. [deg]

_10 -

-15 . l l .
1040 1050 1060 1065 1070 1080 1090
wavelength [nm]

Reflection phase difference between s- and p-pol.(Layertec Inc.)

Reflection phase difference between s- and p-pol. is zero near 1065nm

—P Adjusting 1065nm on the wavelength tunable laser, conduct
phase difference control to retain simultaneous resonance



Motivation 15

Frequency control .
< F—F\.
A

V shaped cavity

[1]Y. Oshima et al. : arXiv:2303.03594

Issue about reflection phase difference between s- and p-pol. on DANCE Act-1

e DANCE Act-1 consists of 4 mirrors. Then, we calculate reflection phase
difference between s- and p-pol. per mirror and determine sensitivity[1]

—Measure reflection phase difference between s- and p-pol. per mirror to

minimize the error

e There is the possibility that reflection phase difference between s- and p-pol.
per mirror is drifting

—|nvestigate the amount of control by obtaining the time-series data about

reflection phase difference between s- and p-pol.

—p Considered experimental setup (V shaped cavity)
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V shaped cavity 17

Design value

 Incident angle : 42deg
o Cavity length L : 60mm

« Center of curvature R; :

Front and end mirror: 50mm

Test mirror: flat

 Reflectance r;:

T2, t9

Front and end mirror: 99 %

Test mirror: 99.9 % Test mirror
Purpose

e The measurement of reflection phase difference between s- and
p-pol.

* |nvestigation about drifting of reflection phase difference between
s- and p-pol.
—@Going to obtain the time-series data about phase difference drift



Reflection phase difference between s- and p-pol. 18

Purpose
The measurement of reflection phase difference between s- and p-pol.

§\// Laser

HWP

per mirror

CCD camera

Injected the s- and p-pol. into the cavity, observing transmitted light



Measurement result of reflection phase difference between o

s- and p-pol.

s-pol.

0.020 A

FSR
0.015 A < >

p-pol.

v i Reflection phase difference . ;

0.010 A

voltage [V]

0.005 A

0.000 :

—0.005 A

0.000 0.005 0.010 0.015 0.020 0.025 0.030
time [s]

Measurement result by my experiment A¢ = 23.3 = 0.5[deq]

Measurement result by DANCE Act-1 A¢ = 21.6 = 1.2[ded]
— Suppress the error
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Time-series data about reflection phase difference between y

s- and p-pol.

Purpose
nvestigation about the amount of control reflection phase difference

netween s- and p-pol.

Frequency counter

(D Inject s- and p-pol. into a cavity by using 2 laser sources
(2 Conduct frequency control independently, obtain time-series data
about reflection phase difference between s- and p-pol.



The method of wavelength tunable laser 22

Wavelength tunable laser DANCE @B207

Mirror | Reflectivity Curvature
M1 99.9% Flat
M2 >99.9% 1000mm
M3 >99.9% 1000mm
M4 >99.9% 1000mm

FSR: vpr = 150.9MHz
FWHM: vy, = 96.1kHz

Finesse: & = 1570

Conduct phase difference control to retain simultaneous resonance



Schedule (2023)

23

May June July August

Obtain the time- Evaluate Realize simultaneous resonance
series data wavelength by using wavelength tunable laser
Prepare spacer sensitive phase- :
for V shaped shifting mirror
cavity 5

September October November December

Evaluate the cavity
Data analysis (rotation spectrum, estimate sensitivity)
Write master thesis
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e Simultaneous resonance is needed for detection of axion dark
matter
—Suggested the method of wavelength tunable laser

* The measurement of reflection phase difference between s-
and p-pol.

Future plans

* |nvestigate the amount of control by obtaining the time-series
data about reflection phase difference between s- and p-pol.

 Aim to realize simultaneous resonance by using wavelength
tunable laser



